The sarcoplasmic reticulum Ca-pump protein can be solubilized in monomeric form in nonionic detergents with full retention of ATPase activity. It is impossible to prove directly that coupling between ATP hydrolysis and Ca2+ transport is maintained in the soluble state, because separate compartments for Ca21 uptake and Ca2' discharge are required to demonstrate this, but here we provide strong indirect evidence that coupling in fact persists, in both the forward and reverse directions of the normal pump cycle. Demonstration of coupling in the forward direction makes use of the fact that the solubilized protein is structurally labile in the absence of bound Ca2+. Loss of activity accompanying ATP hydrolysis in solution is quantitatively consistent with sequential Ca21 binding and dissociation during the hydrolysis cycle. Coupling in the reverse direction is demonstrated by the dependence of ATP synthesis on Ca2+ concentration. Although substantial differences between solubilized (monomeric) and membranebound protein are shown to exist, as previously reported, they do not affect the main conclusion from this work, which is that the molecular machinery for free-energy coupling in active Ca21 transport is an inherent property of each individual catalytic polypeptide chain of the pump protein.
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The sarcoplasmic reticulum (SR) Ca-pump protein can be solubilized in many nonionic detergents with full retention of ATPase activity (1) (2) (3) . The detergent used in most previous work is dodecyl octaethyleneglycol monoether (C12E8), and this is the detergent used for the present investigation. It has been demonstrated that sufficiently high concentrations of this detergent can ensure dispersal of the protein in monomeric form (2, 4, 5) , and the method of active enzyme centrifugation has demonstrated that the monomer is the actual active (ATPase) species under these conditions (5) . The solubilized monomeric protein generally retains a few molecules of bound lipid in addition to bound detergent (2, 5) .
Retention of ATPase activity is by itself not sufficient to demonstrate retention of the complete functional properties of the native membrane-bound protein. In the native state of the Ca pump, ATP hydrolysis is tightly coupled to active transport of Ca2+ across the SR membrane (6) . Proof of complete functional integrity requires demonstration that this coupling persists. Actual transport cannot of course be measured in solution, because it requires that the protein be located at an interface between two compartments separated by a permeability barrier. The data given in this paper will, however, come as close to this as possible, by showing that the ATP hydrolysis cycle in the solubilized state is tightly coupled to sequential Ca2+ uptake and discharge, with characteristics quantitatively similar to the Ca2+ uptake and discharge steps of the membrane-bound state. Furthermore, it will be shown that one of the elegant proofs of tight coupling-reversal of the normal reaction cycle for Ca2+-induced synthesis of ATP (7)-can be carried out in the C12E8-solubilized state. While this work was in progress, sequential Ca2+ uptake and discharge accompanying ATP hydrolysis in the solubilized state was demonstrated more directly by Andersen et al. (8) .
As framework for discussion of the results, we shall use the pump-reaction cycle of de Meis and co-workers (7) , shown in Fig. 1 , which is based on extensive studies with the membrane-bound pump protein in SR vesicles. The most important feature is an alternation of the protein between two principal conformational states, E and E'. E has high affinity binding sites for two Ca2+ ions, accessible under physiological conditions only from the cytoplasmic side of the membrane, and, when both Ca2+ and ATP are present, it is converted to the "high energy" phosphoenzyme intermediate Ca2E-P. State E' also has two binding sites for Ca2+, but their affinity for the ion is low (it is the state from which Ca2+ is discharged in ATP-driven transport), and they face the SR lumen side of the membrane in vivo. E' can react reversibly with Pi to form the "low energy" phosphoenzyme E'-P, which in turn can form the complex Ca2E'-P if the luminal Ca2' concentration is sufficiently high. In the absence of bound ligands, the equilibrium constant E'/E is >>1 (9, 10) , but the high affinity of E for Ca2+ shifts the equilibrium to the Ca2E state at Ca2+ concentration >1 ,uM (10) .
EXPERIMENTAL PROCEDURES Preparation of leaky SR vesicles and monomeric Ca-pump protein in C12E8 and estimation of protein concentrations in the preparations were carried out as described (2, 5) .
Assay Procedure. ATPase activities were determined at saturating levels of Ca2' and ATP, using an NADH coupled assay, as described (5) . Preparation of Labeled Phosphoenzyme from 32p;. Phosphoenzyme was prepared from the solubilized protein essentially as described for leaky SR vesicles (11) . Although the solubilized protein yielded lower amounts of E'-P than the vesicular preparations, we did not find it necessary to add dimethyl sulfoxide to obtain substantial yields, as has been reported by Kosk-Kosicka et al. (12) . ATP Synthesis. Commercial ADP (0.1 M) was treated with hexokinase (3 units/ml) at pH 6. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. scribed for leaky vesicles by de Meis and Tume (13) . The reaction was quenched at 15-30 sec by addition of 11.5% GC13COOH/10 mM Pi, and 0.6 mM unlabeled ATP was added to trace recovery. The precipitated protein and supernatpnt were separated by centrifugation at 12,800 x g for 5 min at 40C. Free Pi was removed from the supernatant by molybdate extraction or ion exchange (13) and amount of ATP was determined by anion exchange chromatography on a Whatman SAX column connected to a Beckman 322 HPLC unit. The eluting buffer was 0.5 M KH2PO4 (pH 3.5), and the eluent was monitored at 254 nm with a Schoeffel Spectroflow detector. Fractions (1 ml) were collected and radioactivity was determined in a Beckman 100 liquid scintillation counter. Residual radioactive contaminants (Pi or polyphosphate) were present in sufficient quantity in some of the experiments to require a relatively imprecise background correction and to cause a consequent inaccuracy in the absolute amount of ATP formed. Overall recovery was determined by comparing the integrated area under the ATP elution peak (absorbance at 254 nm) with the amount of unlabeled ATP initially added, and it varied from 38% to 70%, depending in part on the method used for removal of free Pi. Radioactivity counts were appropriately corrected.
RESULTS
Although the monomeric Ca-pump protein in C12E8 can hydrolyze ATP at essentially the same rate as the membranebound protein, significant differences between the two preparations are well established, mostly by the work of Moller and co-workers (3) . Of particular relevance to the present investigation is a difference in structural stability. Using ATPase activity as a measure of structural integrity, the protein is stable for many hours (at room temperature) when stored in the presence of 0.1 mM Ca2 , but it becomes rapidly inactivated when Ca2+ is removed by addition of EGTAi.e., when the protein in solution is in the unliganded E' form of Fig. 1 (4, 14) .
A more subtle difference is observed when the maximal rate of ATP hydrolysis is measured (at saturating levels of Ca2+ and ATP) by use of the coupled enzyme method described above. The difference (routinely observed over several years) is illustrated by Fig. 2 . For vesicular preparations, there is a short lag time (<1 min) before the slope of the assay plot reaches its maximal value, which reflects the time required for the system to attain steady state (15) regenerating system. Thereafter, the slope remains constant virtually to the point at which NADH is exhausted and ATP regeneration ceases. For solubilized protein, the initial lag period is not observed, and the slope of the plot is seen to decrease with time as the assay proceeds-i.e., before ATP regeneration becomes a rate-limiting factor. Since the lag period is an intrinsic property of the coupled assay system, it should have been observed with the solubilized protein as well as with the vesicular preparation. The results in Fig. 2 , therefore, indicate a steady decrease in rate of ATP hydrolysis from the very beginning of the assay; i.e., it is evident that the solubilized pump protein is being slowly inactivated during the assay, in spite of the presence of a Ca2+ concentration well in excess of what is required to prevent inactivation during storage.
Given that the protein is known to be structurally labile in the Ca2+-free state E', this result suggests that this state is formed transiently during each reaction cycle, inactivation taking place while the protein resides in this state. It has been shown previously that ATP hydrolysis in C12E8 solution is activated by the binding of Ca2+ in the same way as for the membrane-bound protein, and that hydrolysis proceeds via the Ca2E-P intermediate of Fig. 1 (2, 14) . The data in Fig. 2 then indicate that the steps involved in completion of ATP hydrolysis in the solubilized state are also the same as for the membrane-bound protein, and in particular that previously bound Ca2+ is again dissociated. In view of the high Ca2+ concentration in the solution, the binding affinity in the state from which dissociation occurs must be low; i.e., it is appropriate to suggest that the discharge state is identical to the Ca2E'-P state of Fig. 1 .
To obtain a quantitative test of this possibility, we first measured the inactivation rate at 370C in a solvent with the same pH and ionic composition as is used for assay. Fig. 3 shows that inactivation is a first-order process. When both ATP and -dA/dt = koCo e-\t (1 - e-at), [4] which, on integration, gives
All parameters of Eq. 5 can be determined from analysis of both time courses in Fig. 2 . Alternatively, X = kdf can be evaluated from the assay plot for soluble protein alone by using only data at t > 1 min, where e-a becomes negligibly small, and the result obtained becomes virtually independent of the choice of a value for a. From the data of Fig. 2 , we get kdf = 0.11 + 0.02 min-. A similar value has been obtained from other assay plots at 370C, independent of the specific activity of the protein preparation used, showing that the inactivation is an intrinsic property of the active protein alone. Since kd (determined in Fig. 3 ) is 0.23 min-, this result is consistent with the suggested explanation for inactivation if f, the fractional residence time in state E' during the hydrolysis cycle, is =0.5. This is a very reasonable value. The parameter f can be evaluated from the rate constants for the reaction cycle. Only the rate constants that determine the maximal velocity are needed here. From the recent work of Pickart and Jencks (16), it is apparent that the steps involving a conformational change are rate-determining under these conditions: their rate constants at 250C are 11 sec' for the step E'--E and 17 sec1 for the step Ca2E-P --Ca2E'-P. The resulting value for f is 0.6. In much more qualitative experiments, we have been able to show that Ca2+ can reassociate with the low affinity sites to induce reversal of the pump cycle and synthesis of ATP from ADP and Pi. The procedure used was essentially a repetition with solubilized protein of the classic "calcium jump" experiments performed with SR vesicles by de Meis and Tume (13) .
The first step in the procedure is to phosphorylate the protein with Pi, using the same protocol as was used for SR vesicles (11) . These experiments will be described in detail elsewhere. The product of this reaction is the "low energy" phosphoenzyme (E'-P) of Fig. 1 , but the yield of this product is lower for the solubilized protein (maximally 3 ,umol per g of protein) than for the vesicular state (4.3 jimol per g of protein), presumably another manifestation of the effect of solubilization on the properties of the E' state.
In the presence of a significant concentration of Ca2+, as previously noted, Ca2E becomes the thermodynamically favored state of the protein. Addition of Ca2+ to a level of 0.1 mM or greater leads to conversion of E'-P to Ca2E. With ATP absent, this is a dead-end reaction: the pump cycle cannot be completed in either direction. If ADP is also absent, formation of Ca2E occurs via the E' state of the protein (pathway 1 in Fig. 1 ), but addition of ADP to the reaction medium permits an alternative pathway (pathway 2 in Fig. 1 ) via the intermediate Ca2E-P, with net synthesis of 1 mol of ATP per mol of Ca2E formed. The amount of ATP formed depends on the relative rates of the rate-limiting steps along the two pathways, but it also depends on the Ca2+-dependent rapid equilibration between E'-P and Ca2E'-P, because the latter is a necessary precursor for the slow conversion to Ca2E-P. ATP synthesis as -a function of Ca2+ concentration is, thus, a measure of the binding affinity of E'-P for Ca2 . On the basis of data for the vesicular state, 2 mM ADP was more than sufficient to saturate the ADP binding site in the Ca2E-P state.
*From de Meis and Tume (13) .
for some of the data), the results show unambiguously that the solubilized protein in the E'-P state is capable of binding Ca2+ to low affinity sites and that it can then couple the transfer of the bound ions to Ca2E to net synthesis of ATP.
DISCUSSION
The data presented in this paper and from M0ller's laboratory (8) (Table 1) suggest a difference in the E'-P state, either a lowered binding affinity for Ca2+ or an alteration in the kinetics of dephosphorylation via pathway 1 of Fig. 1 . It is possible that these altered properties reflect a requirement for intersubunit interactions (i.e.4 an oligomeric protein) to maintain structural integrity in the E' and E'-P states, as M0ller et al. have suggested. However, they could also indicate a phospholipid requirement unrelated to the state of association, or an effect specifically attributable to C12E8, that might not be observed with other nonionic detergents. Interference of the long octaethyleneglycol chain with the extramnembranous moieties of the protein or inadequate length of the dodecyl alkyl chain for stabilization of the normally lipid-associated part of the protein are both possible.
One general conclusion from our results relates to the minimal size of the functional unit that is required to achieve coupling between ATP hydrolysis and Ca2+ binding on one side of the membrane and dissociation on the opposite side. Our results indicate that this coupling is an inherent property of each individual catalytic polypeptide chain. Our results do not support the proposal of Klingenberg (18) that intimate interaction between two polypeptide chains might be a general requirement for creation of translocation pathways across membranes, nor do they support specific proposals for the Ca2 -pump coupling mechanism that involve obligatory interaction between two catalytic polypeptide chains (19, 20 
